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ABSTRACT

This report contains theoretical and experimental studies

related to the failure phenomena in polymeric materials. In Section 1. 0,

first a review and a discussion is presented of the pertinent work which

has been published in this area. Then, a new engineering failure theory

is developed and described. This theory takes into consideration general,

multiaxial viscoelastic loading conditions. The theory can be used to

predict failure under multiaxial stress conditons if the uniaxial viscoelastic

failure envelope is known.

In Section 2. 0 a viscoelastic stress analysis of the poker-chip

specimen is presented. This analysis is needed in order to evaluate the

failure data from the triaxial poker-chip test.

In the experimental failure studies the Solithane 113 polymer

material is being used. This material is being made and cured in the

laboratory in a specially constructed facility. In Section 3. 0 this facility

and the manufacturing process are described in detail.

The Section 4. 0 deals with the experimental program and the

dat,- -bta•ined. Two types of tests are described; the uniaxial and the

triaxial. The uniaxial test is conducted at various constant strain rates

and temperatures. The purpose of this test is first to produce data for

the viscoelastic characterization of the Solithane 113 material and secondly,

to produce uniaxial failure data. The triaxial test uses the p&" er-chip

specimen and its purpose is to generate failure data under triaxial stress

conditions. These tests are also conducted at various strain rates and

temperatures.
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1. 0 FAILURE THEORY FOR POLYMERIC MATERIALS
T TMIVIT n V(77 TD A T )XArrT q'TA 'VTA T T f-%A rTTV0r- I A

1. 1 INTRODUCTION

Recently polymeric materials are finding an increasing use as

structural components in various engineering areas, as, for example, a

solid propellant fuel in the rocket industry. Although the primary role of

these propellants is not structural, they nevertheless .,rmust withstand large

loads. When a material is used in a structural member of a system it

becomes necessary to speak about its structural integrity. Basically, the

stractural integrity analysis attempts to answer two questions: Are the

deformations excessive, a~id are the components sufficiently strong? In

order to answer these two questions it is first necessary to carry out a

stress analysis for each component of the system. Once the stresses are

known, the deflections and the deformations will also be known or can be

calculated directly; but in order to answer the question whether the component

will break, it is necessary to know also the failure criteria for the material.

It is obvious from the above discussion that if polymeric materials are to be

used for structural purposes it is necessary that one be able to conduct both

a stress and a failure analysis.

In the last Interim Report, reference 1. 1, a state-of-the-art

discussion was presented of the failure in viscoelastic materials. The existing

knowledge was reviewed and various possible failure criteria for multiaxial

stress situations were discussed and compared to available data. In SectioA 5

of that report, certain important conclusions based on these discussions were

drawn. Two of these conclusions were; one, that there has been little work

in determining multiaxial failure criteria for viscoelastic materials as a

function of strain rate and temperature and, two, that a multiaxial failure

criterion has not yet been established for such materials. it was considered

that this area of research was most important and work was therefore

concentrated on this problem area during the last twelve months. The present

report describes the results.

Pol)ymneric materials are viscoelastic in nature, and therefore time

enters explicitly into their stress analysis, thus making the analysis of

polymer materials more difficult than the usual elastic one. In spite of this

added difficulty the last few years have seen large advances in the methods of

Manuscript released by the author 18 May 1964 for publication as an ARL

Technical Documentary Report.
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viscoelastic stress analysis, see for example the state-of-the--art review

in reference 1.9. it is now possible to aialyze, for exar,,pL, such.situa.i.n.

as the stress in non-homogeneous iraterials, thermal stress problems,

ablating boundary problems, discontinuous boundary-value problems, and

wave propagation problems. Although there still remain many unresolved

problems it is quite safe to say that, from the point of view of a practical

engineer, the state-of-the art of viscoelastic stress analysis is well

advanced. Unfortunately the same thing is not true regarding our knowledge

of failure criteria, although from the point of view of structural integrity

failure is fully as important as the stress analysis.

The reason for less work in the failure area is perhaps the fact that the

failure meclanism in polymer materials is a very complex phenomena. For

example, as we shall see later, the failure is very sensitive to time dependence

of loading. In most practical situiations the polymeric structural material

will be subject to a triaxial stress state where the stresses will be different

in different directions, and where also the time rates of change of various

strain components will also be different and in general changing with time.

In order to predict failure under such conditions it is necessary to have a

failure criteria which takes into consideration these spatial and time varia-

tions. However, sach failure criteria do not exist at present and this has

motivated the development of the failure criterion to be described in the

present report. The failure criterion will be developed from the engineering

point of view as opposed to molecular or chemical derivation. Further, it

will take into consideration general triaxial stress loading conditions as

well as unequal and tirme variable rates of change for the different strain

components.

There are two general ways that a rubbery polymeric material is

observed to fail: one way is by tearing and the other is by global failure.

Tearing occurs in situations where there is an obvious and well defined

geometric discontinuity in the material, such as a crack or a void. Upon the

application of load this imperfection grows with a resulting decrease in the

amount of total material which can carry the applied load. This in turn

will increase the local stresses and cause the discontunity to grow with an

increasing rate, eventually leading to total failure. The various aspects of

the tearing phenomena have been investigated quite extensively(1. 1 to 1. 9)*

Superscripts refer to references at the end of the section.

• • m • • • • • • • • •-2-•



In the global failure on the other hand no growth of any distinctive cracks

or voids is observed before the iracture occurs - material seems to break

suddenly. This does not, however, mean that there were no initial cracks

or voids in specimens in which global failure is observed. On the contrary

it is quite possible that such imperfections do actually exist in most

polymeric materials but their growth is so small prior to the gross failure

that it is not observed. However at the point of failure, stress and strain

conditions exist which will promote very rapid and catastrophic growth of

the imperfections leading to sudden total failure. If it is possible to define

the conditions under which this sudden growth of small imperfections will

occur we can speak of these conditions as being the global failure criterion.

The use of a global criterion of failure in multiaxial stress conditions seems

to be a most logical approach for predicting fracture since this type of

situation has actually been observed in various tests(1. 1 ) where no obvious

initial imperfections were present. Therefore, the failure criterion which

will be developed in the present report will be global, as distinct from local.

However, before discussing this criterion it is instructive and appropriate to

review previous investigations in this area.

Perhaps the best point of departure for this discussion is the experi-

mental investigations of failure of viscoelastic materials. It is appropriate

to mention at this point that nearly all the experimental data on iscoelastic

faillure has been obtained in uniaxial testing. One of the first comprehensive

set )f tests on amorphous polymers was carried out by Smith(I 10) Working

with a stvrene butadiene rubber, usually referred to as SBR, he carried out

uniad.ia1 tensile tests at various temperaturs and various constant s'rain

rates. It was found that the failure data obtained at different temperatures

could >ýe superimposed on one master curve by using the WLF(1. 11) ,:iift

function. The data obtained in reference 1. 10 for SBR rubber is not, in the

quantilhtive sense, the same as has been obtained for other mater:al ;1 "8 ' 1.12)

however, other amorphrous polymer materials have been observed to behave

in a similar qualitative manner. Therefore, it is instructive to use this data

for a more detailed discussion.

Figure 1. 1 shows the reduced stress at break SmTs/T as a functie,

of the reduced strain rate of test RaTy where; T is the test temperature, TS

a standard or reference temperature, R the rate of strain, and aT the WLF

shift function. It can be seen that the stress at break decreases monotonically
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with decreasing strain rate. In Figure 1. 2 the ultimate strain is

plotted against the reduced strain rate. It is easily seen that the strain

at break possesses a definite maximum. For very large rates of testing

the strain at break is relatively small and as the strain rate decreases

the strain at break increases until about RaT = 1. Any further increase

of rate after this point begins to reduce the ultimate strain until at very

slow rates of testing the strain again becomes relatively small. The form

of the plot in Figure 1. 2 is sometimes referred to as the Smith curve. The

data in Figures 1. 1 and 1. 2 are sometimes combined and the stress at break

is plotted against the strain at break as shown in Figure 1. 3. This type of

a plot is usually -eferred to as a failure envelope. In further work on a

slightly different type of SBR Smith and Stedry~l 13) reproduced, again

experimentally, a portion of the failure envelope by testing for ultimate

conditions in two different ways. Failure was obtained by using constant

strain tests and constant strain rate tests. The results of these tests are

reproduced in Figures 1.4 and 1. 5 respectively. These figares were

reproduced from reference 1. 14. By comparing the curves in Figures 1. 4

and 1. 5 it can be seen that they are identical. This seems to imply that

the failure envelope is independent of the types of tests which are used to

obtain it. Although this conjecture is subject to further experimental veri-

fication it does seem to be reasonable for the SBR material and it has

sometimes been taken for granted for other materials(1. i5)

In contrast to the relatively large amount of uniaxial. failure data there

is very little data pertaining to global failure under multiaxial testing conditions.

The only known published failure data for biaxial and triaxial tests is given in

references (1. 16), (1. 17) and (1.29). The data in references (1. 16) and

(1. 17) pertains to tests carried out under very slow, equilibrium load conditions.

The data in reference (1. 29) was obtained in triaxial tests on solid propellant

specimens and it includes effects of variable temperature and strain rate.

The lack of multiaxial viscoelastic failure data is mainly due to the difficulties

in conducting such tests; nevertheless, experimental work in this area is

urgently needed.

The theoretical analysis of failure in polymers has been primarily

from the molecular point of view. In references 1. 18 to 1. 21 the urniaxial

strength of a polymer was calculated without accounting for any viscoelastic

effects. One of the first attempts to incorporate viscoelasticity in strength
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calculations was by Bueche' -- '. In his early theory Bueche evaluated

the effect of strain energy in the stressed polymer on the rate of bond

breaking. He then postulated that the total failure would occur when the

rate of breaking of the bonds reached a certain value. This theory predicted

a constant value of strain at failure no matter how fast the load was applied

and therefore it did not agree with experimental observations. For this

reason the theory was subsequently discarded. A few years later

Bueche( 1 . 23) again evolved a theory based on a molecular approach to

predict the time to break a uniaxial polymer sample subject to a constant

load. This theory was developed both with and without viscoelastic effects.

There are no known experimental checks of those results. Knauss(1, 8) also

took the molecular approach in developing a failure theory. In this theory it

was assumed that the material contained initial ca'°ities whose growth under

load was determined by a modified Griffith criterion. T!his theory is rather

complex and necessitates experimental evaluation of certain parameters. The

failure results obtained using this theory were compared with uniaxial

constant strain rate test data. It was found that the ultimate strength as a

function ,'" strain rate was predicted by the theory. However, the ultimate

strain, although it did possess a maximum, did not agree very well with the

test data.

The most recent failure theory was developed by Bueche and

Halpin(1 . 12). Although the title of this theory implies a molecular approach

there are really no molecular aspects used in the development. Furthermore

the way the theory is developed, it applies only to a uniaxial creep situation

under constant load. Nevertheless as it agrees closely with certain aspects

of the experimental data it justifies a closer examination. In the

conditions assumed in reference 1. 12, a load is applied to a rubber specimen

having a unit cross section. As a result the specimen will creep according

to its creep compliance function D(t) which is related to the relaii-ý,e elongation

) and the nominal stress a- as follows:

x -k 1

D(t) -

N22

where X - 1/X2 is a strain based on a statistical theory prediction and 1 - X 2/N

is an empirical correction for large elongations. The constant N is not kn.wn at
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this point. The specimen is assumed to contain a crack, and at the tip of

this crack the stress will be higher than the average stress by a factor of

S. It is assumed that an element at the tip of the crack will break when the

local relative elongation reaches a value of Xof and this will happen at a

time t' after the load is applied, therefore it follows that the local stress

at break T of is

of
of 1 SK

X o D(t') D(t')Nwof

where K is a constant since Xof is assumed to be a constant. It is now

assumed that when the first filament at the crack tip breaks the second

filament will break after an additional time t' and so on. The whole specimen

is assumed to fail when the tear propagates through q such filaments, therefore

the time to break is tb = qt'. Therefore the final relative elongation of the

whole specimen at break Xb is given by

i

'b K
1 ='b Dltb) T" = D(tb K,

1Xb

and the ultimate stress is given by

K
T--D (-A-)

q

It can be observed from the above expressions that the ultimate elonga-

tion can be obtained if the creep compliance, time to break and, the three

constants q, K and N are known. In reference 1. 12 the value of the constant q

was estimated to be 104 and it can therefore be seen that the ratioD(tb)/D(tb/q)

would possess a maximum value somewhere between small and long times to

break. It follows that Xb would also possess a maximum and this is in

accordance with previously discussed experimental observations. This fact

is used in reference 1. 12 to justify this theory. The two remaining unknown

constants K and N are calculated by using the maximum point on the experi-
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merntal failare envelope and equating the stress and the ultimate extension

to their theoretical values as calculated from the above expressions.

Certain immediate comments can be made about this approach. First

the rupture propagation does seem to be oversimplified. For example, it is

not at all obvious why the different elements should break at equal time

intervals. On the contrary it can easily be argued that the rate would increase

as the creep progresses. Secondly, it is not clear why a constant strain

criteriou for the rupture at the crack tip should be valid, this could very well

be a function of the rate of extension which in turn is a function of the applied

load. Since a large amount of experimental data is needed in order to

evaluate certain unknown coefficients in this theory the usefulness of this

approach would depend on whether it could be used to predict failure under

different loading conditions. In order to do this it seems that more informa-

tion should be obtained regarding rate of fracture at the crack tip and in

particular how it depends on variable strains and stresses at the crack tip.

A more detailed analysis of the crack propagation conditions, for example

such as presented in reference 1. 7, may be useful.

From the above discussion certain definite conclusions can be drawn.

First, the experimental data on viscoelastic failure has been obtained for uni-

axial stress conditions only and data for multiaxial loadings is needed.

Secondly, the theoretical treatments of viscoelastic failure have also been

limited to uniaxial situations. Finally agreement with experimental data, for

most of these theories and especially the molecular approaches has not been

good. This does not indicate that the molecular failure theories have been

useless. On the contrary, the final basic explanation and understanding of the

failure phenomena can only be achieved on molecular level. However, this

does indicate that at the present time the state-of-the-art does necessitate

many unknown averaging processes in going from the single molecular chain

to network arid then to macroscopic behavior. These approximations can lead

to incorrect results. Therefore more molecular knowledge has to be gathered

before this approach can be useful in producing a workable engineering failure

criteria. In the meantime the structural analyst does need a criterion which

he can use for multiaxial viscoelastic situations. it is thought therefore that

a temporary criterion canr be obtained from a macroscopic point of vi,.w based

on existing experimental knowledge and observations. In this report we shall

proceed to develop such a criterion.

-7-



1.2 FAILURE CRITERION

1. 2. 1 Uniaxial Stress Case

We refer to the experimental results for SBR shown in Figure 1. 1

which illustrate the large effect of strain rate upon the ultimate stress in

uniaxial tension. The relatively large strength at high rates and the

relatively low strength at low rates can be explained on the global scale as

follows. During an unstressed state the polymer chains are twisted around

each other and are connected at points by chemical cross-linking bonds.

When a load is applied it will deform the material which wZ1 cause stretching

and untwisting of the polymer chains. The untwisting of the polymer chains

is accompanied by internal frictional forces which give rise to viscoelastic

nature of the material. The load can be transmitted from one portion of the

material to another in two ways. First,it is transmitted by chemical bonds

at the point of the cross linking of the chains and secondly, it is transmitted

by the frictional forces between the chains.

Considering now an internal plane in the material~the loads across

this plane will be divided among a certain number of polymer chains which

are oriented approximately in the direction of the load. At any instant this

number of load-carrying chains will depend on the particular network

configuration, i. e. , cross-link density and distribution, and on the amount

of active entanglements between the chains. The term "act-.ve entanglements"'

is used here to denote frictional contact points between the chains. There-

fore for a particular polymer the number of load-carrying chains will be a

function of the amount of active entanglements and this in turn will depend on

the "state of relaxation" of the material at any particular time. The term

relaxation is used here in a broad sense to denote how far the material is

from rubbery equilibrium. We shall subsequently define this quantity in

a mathematical form. It should be mentioned that the basic idea involving

the change of the number of load-carrying chains with state of relaxation is

not new and has been used by Bueche(I 24)

Consider now a uniaxial specimen which at a particular time, is

subject to a tensile load a. No restrictions are placed on the way in which

this load is reached. At the same time it is assumed that over the cross

section of the specimen there are n polymer chains over which the load is

distributed. The number n will, as discussed above, be dependent on stress

and strain conditions in the specimen. The average force, f, in each load-

carrying chain is therefore given by

-8-



f =- a'(1. 2. 1)
n

It is now necessary to relate n to the stress and strain conditione in the

specimen or, as indicated above, to the "state of relaxation. " This

relationship will now be developed.

At the instant that the tensile load on the specimen has the value a-

the longitudinal strain is 6 . The longitudinal and transverse relative

extensions are denoted by X and Xt respectively. The relation between the

strain and the extension ratio will be developed later. Assuming that the

original unstrained cross section of the specimen is unity the true stress

at a particular time will be a"/X2 . A point corresponding to this stress
and the strain 6 is shown on the stress-strain plane in Figure 1. 6. Shown

in this figure are also two straight lines corresponding to the glassy and the

rubbery response of the material. The question now is: what is the "state

of relaxation" of the point given by c-/X , t6 coordinates. One way that

this state can be measured is if we imagine that at any instant the stress

0-/x t is frozen and we observe how far the specimen must extend in order

to achieve rubbery equilibrium. Therefore the "state of relaxation" can

be measured by the relative distance of the point in Figure 1. 6 from the

glassy and rubbery states where the distance is measured along a constant

stress line, this line is shown as a horizontal dotted line. Therefore the

relative distance from the rubbery, or glassy, state can be expressed by

the ratio

D (
X t a' D G(1.2.Z)4- 6G D T - DG-T

R- D 2 -- D---D
R G 2RGZ R G

t Xt

or since for practical cases DG <DR and also DG << can write

&X2

Tt

R G DRT
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where DG and DR are the glassy and the rubbery creep compliances

respectively.

-" fe t --ring to aqua tion (1 . C a 1 e a.h.ef. .re ,Lr. fhn niirber n

as some function of the ratio in equation (1. 2. 2)

2
n= g( 6r ) (1.2. 3)

The exact form of this function is at present unknown; however if the above

assumptions are correct we know that g must be a monotically decreasing

function of 6 X 2t/ . We shall subsequently see,by analyzing available

experimental failure data and determining g, that this indeed does happen.

A failure criterion is now postulated. We say that fracture of the

specimen will occur when the average tensile force f in the load-carrying

polymer chains reaches some critical value fb" Therefore in mathematical

form the failure criterion is

Cb
fb - (1.2.4)

,CbX tbg ~'w'

or

6bg( bRktb

f= 6 Rb (1.2. 5)

where the subscript b is used to indicate the critical, or breaking, values of

the various quantities. It is appropriate to point out at this point that the

failure criterion represented by equation(1. 2. 5) gives an explicit relation

between ab and 6 b which does not depend on the manner in which these

conditions were reached. Therefore in this respect the criterion agrees with

the experimental observations on SBR by Smith and Stedry (1. 14) that the

failure envelope is independent of the test conditions.

In order that the criterion (1. 2. 5) can be applied for any particular

material it is necessary that the function fbg be known for this material.

A theoretical way of determining this function, if it is indeed possible, would

have to be done on the molecular level. In view of the previous statements

-10-



regarding molecular network theories ve would expect that such a theoretical

calculation would involve a rather complex ina yS,. We h er f o w.l. rit

attempt in the present approach to calculate this function but rather we shall

adopt the following attitude. If this function can be determined experimentally

from uniaxial tests and if this failure criterion can be extended to multiaxial

situations we shall be able to predict failure under the latter conditions from

uniaxial data. As stated previously the function g must be a monotonically
.- 2

decreasing function of the variabletbX tb /-b if the present theory is correct.

We, therefore, have proceeded to assume a number of different expressions

for the product fbg which satisfy this condition. At first a most simple form

was assumed and the results compared with uniaxial failure data of references

1. 10 and 1. 12. The form assumed was

•b2t

fbg = A(l -K bb (1.2.6)

In order to compare the above criterion with the uniaxial data it was

assumed that the material in question was incompressible and therefore

Xt = I/r. Also it was necessary to relate the 'strain 6 to the longitudinal

extension X . For small extensions the relation between 6 and X is simply

e =X- I (1. 2.7)

however for large extensions the above relation is no longer true since

nonlinear effects are important.

It is necessary therefore to develop at this point certain ideas regarding

large extensions in viscoelastic materials. In general nonlinear uniaxial

situations, the true stress in the material -TX will be related to the longitudinal

extension X and time t through some function as follows

T= F(Xt) (1. 2.8)

where F would, in general be nonlinear in X and t. It is to be noted that

function F used here is only in symbolic form and it is not limited to algebraic

functions but can also contain derivatives and integrals. For certain materials

and under certain loading conditions it has been shown experimentally that

the large strain relation, represented by equation (1. 2.8), can assume reason-

ably simple form.
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Guth, Wack and Anthony(1" 25) showed that for certain polymers under

stress relaxation conditions the function F in equation (1. 2. 8) can be

separated into two portions, one portion being a function of the extension

ratio X only and the other only a function of time t. Therefore for such

materials in stress relaxation condition

S(X, t) = ['X) E(t) (1.2.9)

where FM) is some function of X which approaches X-1 when X approaches

unity, and E(t) is the relaxation modulus. Equation(1. 2. 9) implies that in

stress relaxation the material can be considered to be pseudo-linear if a

measure of strain other than X-1 is used. Similar results were obtained by

Leaderman(1.26) when he showed that linear superposition relations were valid

for large extensions. Using creep and creep recovery data he showed that

polyvinyl chloride material obeyed a linear superposition law if the strain

was defined as some empirical function of the extension ratio.

Smith(1. 27) obtained similar results for the behavior of SBR under

constant strain rate conditions. He showed that the stress could be expressed

as a separable function of extension ratio X and time t. Therefore this

material, under this loading, can be considered as linear if the strain is

defined as some particular function of X. The relationship defining this

function was obtained from experimental data and presented in curve form.

It was also found that for a large range of the test conditions this relationship

could be expressed in an analytical form by the empirical Martin-Roth-

Stiehler(1. 28) equation

1

e (1.2.10)

where the corresponding stress is the true stress given by a-%. It is clear

from the above discussion that certain polymeric materials will possess linear

superposition even under large uniaxial extensions.

Therefore, in order to compare the failure criterion predicted by

equation (1.2.6) with available experimental data we shall assume that such a

linear superposition is valid and that the relationship between the strain and

extension is given by the empirical formula in equation (1. 2. 10). It should

be noted here that such a linear superposition was really implied earlier when
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it was taken for granted that the glassy and the rubhery compiiancer,

DG and DRP were not functions of the extension ratio. If the linear super-

position should prove to be not valid for any material, then these quantities

would depend on X . The use of the empirical formula (1.2. 10) is chosen here

for convenience, and also since no better expressions exists at present for

the materials which will be discussed. If it proves later that an alternate

expression is more suitable for these materials, the general conclusions which

will be drawn here will not be altered.

The failure criterion (1. 2.6) was compared with experimental results

for SBR from reference 1. 10, and the results for SBR and for ethylene

propylene rubber (EPR) from reference 1. 12. The two unknown parameters

A and K in equation (1. 2. 6) were evaluated by matching the theoretical curve

with experimental data at two points. It was found in each case that, although

equation (1.2.6) predicts a maximum in the failure envelope, the shape of the

envelope is not predicted well. For example if the parameters A and K were

chosen so that the theory and experiment agreed near the maximum point

then the stress range of the predicted envelope was too small. If, however

agreement was obtained at the two extreme ends of the envelope then the

agreement was not good near the maximum point. Expression (1. 2.6) was,

therefore, discarded. In order to obtain a better expression the form of the

function fg was evaluated in a curve form from the experimental data for

SBR(1.10) shown in Figure 1. 3. It was found that when log fbg was plotted

against Cb/0-b a nearly straight line was obtained. This indicated that

fbg should be given by the expression

fbg= A 10 (1. 2. 11)

Therefore from equation (1. 2. 5) the failure criterion has the form

-k
T b Xb

b = A 10 (1.2. 12)

Choosing a set of values for the parameters A and K the criterion

(1.2. 12) was compared to the experimental data of references 1. 10 and 1. 12.

In Figure 1.7 the failure envelope for SBR, which has already been shown in

Figure 1.3, is compared with the theoretical prediction of equation (L. 2. 12).
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The parameters A and K were chosen by comparing (1. 2, 12) to the experi-

mentally predicted form of fbg as discussed above. Therefore a reasonably

good agreement Is really forced and is therefore expected. Of more interest

is the comparison of the criterion (1. 2. 12) to the data in reference 1. 12. In

Figure 1. 8 this comparison is shown for SBR, also shown are the failure

envelopes predicted by the theory of reference 1. 12. It can be observed that

the present theory does agree with the experimental data as well as, if not

better, than the theory of reference 1. 12. The parameters A and K were

chosen by trial and error method and the agreement between the theory and

experiment could perhaps be even further improved by a more refined choice.

In Figure 1.9 the theory is compared to the test data on EPR again taken from

reference 1. 12. The envelopes obtained from the theory of reference 1. 12 are

also shown. It can be observed that again a reasonable agreement between

the present theory and the observed failure data is obtained however, this

agreement is not as good as in Figures 1.7 and 1. 8 for the two different

SBR materials. This could perhaps be due to the fact that in Figure 1. 9

there is a rcasonably large scatter in the experimental data and also the

experimental failure envelope does seem to have a rather abrupt change of

shape near the point Xb = 5. 8. Again the parameters A and K were chosen

by trial and error method in order to achieve the agreement shown in

Figure 1 9. It should be noted that the stress at break o"b which is used in

Figures 1. 7 to 1. 9 is the temperature reduced stress.

The main point which has to be made from the above comparisons is

that the present theory does indeed predict a maximum in the failure envelope

for uniaxial testing. Also, the agreement between the theoretical and

experimental predictions can be improved even further by assuming other

more conmplex functions for fbg in equation (1. 2. 11).

1. 2. 2 Multiaxial Stress Case

The failure criterion developed in the last section will now be

extended to the multiaxial situations. For the purpose of developing certain

necessary ideas we introduce into the stressed material an orthogonal

cartesian coordinate system where the three different directions are denoted

by 1, 2 and 3. This system is illustrated in Figure 1. 10. Consider now a

rectangular cube of the material, shown in Figure 1. 10, whose faces are

perpendicular to the three axes. The normal nominal stresses acting on the
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faes 0f thiQ c11-e are denotcd1 by -Y'U,aI10 and cr3 , and the relative extensions

along these three directions are denoted by X1, K2 , and X3 . It is not

implied that these directions are necessarily principal directions. The

stresses and the extensions are the instantaneous values and are time

dependent according to the viscoelasticity of the material.

Proceeding now as in the case of the uniaxial stress situation, we

calculate the average tensile stress in the load-carrying polymer chains

at the different faces of the cube of the material shown in Figure 1. 10. For

the purpose of the subsequent discussion we choose the face which is perpen-

dicular to axis 1. Therefore, if we denote the instantaneous number of the

load carrying polymer chains across this face by the number n 1 we have

a"1
f - n(1. Z. 13)

where f is the average normal -omponent of the force in each polymer

chain. It is obvious that the shear forces on this plane will not contribute

to the normal component. However, if there is a shear stress, it will be

manifested as tensile or compressive stress along some other direction in

'-he material. The effect of this will be taken into account since the orienta-

tion of the coordinate system shown in Figure 1. 10 is arbitrary and it will

be allowed to rotate in all possible directions in the material.

The problem is now to evaluate n 1 . As in the case of the uniaxial

stress, the effective number of the load-carryi-lg chains will be a function

of the "state of relaxation" of the material. Since the "state of relaxation"

is the measure of the frictional forces in the material and the latter can be

different in the difterent directions, therefore, the "state of relaxation"

has to be considered as a directional property. For given stress histories

along the axes 2 and 3 and for a given instantaneous stress a-1 the instan-

taneous strain 6 1 will depend on the number of the frictional forces in the

direction 1. Therefore, the strain 6- can be taken to be a measure of the

"state of relaxation" in the direction 1. However, in order that we may use

this, we must compare C-I to some reference states. For this we again

choose the glassy and the rubbery responses which are defined as follows.
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At any given time and for any given stress history in the directions Z and 3

the maximum rnumber of frictional forces in the direction 1 would be

obtained if the stress cr, was applied instantaneously. This we refer to as

a glassy response and denote this by 6GI. Similarly, the least number

of frictional forces in direction 1 would occur if the load (r had been

applied for a long time so that it can be considered to be constant with

time. Under these conditions the viscoelastic effects due to a have

disappeared and we refer to this state as rubbery response and denote it

by R R We can express these quantities in a methematical form. For a

general homogeneous and isotropic material the strain can be wiitten in

the integral form.

S= (t-T) dT - D 2 (t-T) +- dT (1.2.14)
BTL8T8a-r

0 0

In equation (1. 2. 14) the two functions D1 (t) and D 2 (t) are the time dependent

viscoelastic properties of material. The glassy response 6 G and 'he

rubbery responseCR, as defined above, caa be obtained from equation
(1.z. 14)

6G = D(t - Dr(t-,) adr (1.2. 15)

6R D R T i D (t-T)')- + - dr (1.2. 16)

where DO1 is the short time, or the glassy, value of D kt) and DR 1

is long time, or the rubbery, value of the same function. Proceeding as in

the case of the uniaxial stress we take the following ratio as the measure

of the '"state of relaxation" of the material in the direction 1
1 - EG DI(t-T)- - D1 a1

-__ _ (1.2Z. 17)

1R 6G DRI - D1 G 1
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where in the above expression we have used .q.ato•is (1. 2. 14) to (. 2. i6)

to express the strains as a function of the stress. As previously, we are

again justified in making the acsumption that DR1> :DG and therefore we

can write

El~C~: ( D(t- - - DGI12.8

I-G1 D (t-T) D G I

6 R 6 1 ~1

We have not. as in the case of the uniaxial stress, made the assumpovion

that the glassy response le is small compared with , since in certain

multiaxial loading conditions this would not be valid.

The number of the loading- cariying polymer chains in the dirzction

1 will be some function of the ratio in equation (1.2.18). We, therefore,

assume here that since the network behavior is basically similar in the uni-

axial and multiaxial loading situations the number of polymer chains "n1

will be equal to the g function given in equation (1. Z. 3) where the fanction

variable is now the ratio in equation (I.Z. 18). This imphies that n 1 is

known if g has been determined from the uniaxial case. We can, therefore,

write

t au-°
r D (t-T)- ----- D, -.

n = g ( 2 (1. 2. 19)

The normal component of the force f 1 in equation ({1, 2. 13), can now be

calculated.

Our aim in the present theory will be to relate the failure conditions

under multiaxial stresses to faiiure in the uniaxial stress configruatien.

Therefore the next step is to develop the relati-on between the value f at

failure and the uniaxial failure fb force in the polymer chain as given by

equation (1. 2. 4). The relationship is not one to one since a certain

geometric iactor has to be taken into account. Why this geometric effect

should be present can easily be argued as follows. A polymer chain criented

in the direction of the load in the uniaxial case has under a given load a

certain length which is related to the extension of the specimen. If now the
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transverse tensile stresses are applied to the specimen, the extension of

the specimen in the direction of the original load will decrease. Therefore

this implies that the polymer chains carrying the original load will also

contract and therefore, the effective angle that it will make with the direction

of the original load will decrease. Similar argument holds if the transverse

load is compressive, however now there will be an additional extension and not

contraction of the polymer chains. Now since the total load in the original

direction is the same, it folloAs that the tension in each chain must increase

so that the resultant component must be equal to the original load. This

effect will now be put in a mathematical form.

Consider a typical polymer chain which carries a portion of the load

in a uniaxial specimen. It is assumed that on the average this chain is

inclined at angle Ou to the direction of the load. This situation is illustrated

in Figure i. 11. If the effective arnou.nt of the applied load that this chain

carries is denoted by fu then the actual tension T in the chain is given by

fu4.

T - u (1.2.20)
Cos O

Now consider the material under multiaxial stressing, The same polymer

chain will now be subject to srne additional lateral forces as shown in

Figure 1. 11. Thus t..e chain will be inclined on tVe average at an angle

ti to the original uniaxial loading direction and therefore, if the actual tension

in the chain at break is asuined to be the same as in the uniaxial case, the

effective load that the chain can carry is now&-

SI T cos e l (1.2 .21 )

and using eqaati.on (1. 2.20 ) and eliminating T we get

Cos 6?!f l - co=- f u ( 1 . 2 .2 2 -)

Therefore for a given same relaxation state the ratio of the effective loads

that a uniaxial and a multiaxial specimen can carry is given by

(T1 f U Cos 19S c u (1.2.23)

Ei fl Cos -?8-
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As pointed out above the comparison must be made at some equal

"state of relaxation" and therefore we choose to use as the standard the long

time (rubbery) state, which, for the multiaxial case, was defined above.

We shall now relate the ratio in equation (1. 2.23) to the relative extensions.

Consider, see Figur-e 1. 11, that the polymer chain has some cross-sectional

area a associated with it. Therefore in the case of the uniaxial loading the

effective area of ti-e chain, perpendicular to the load, will be a/cos 61u"
Sirnilarly for the case of a multiaxial situation the same effective cross-

section will be a/cos L9. However the ratio state of the cross-sections at

the rubbery state, is Xt 2/ X2R X3R; where XtR is rubbery uniaxial transverse

extension and X 2R and X-R are the relative extensions for multiaxial case

corresponding to a rubbery response in the direction 1. Therefore we have

Cos eu t R 
(1.2.24)

C o s 2 R X 3R

and from equations (1.2.23) and (1. 2.24) we have

ttR

f u . R (1. 2. 25)
u R R

Combining equations (1. 2.1 3), (1. 2.19) and (1. 2.25) we obtain

X 2,6 R o" I
f I -u N N. g (1.2.26)

2R 3R

or

0 I 3ZR N.
f =R R (1.2. 27)
u k2

tR

The failure3 will occur in the direction 1 if the right hand side of equation

(1.2. 27) approaches the value f' which is the critical value obtained from

the un;axia) case. Since from the uniaxial failure data the product fbg is

known, we rewrite equation (1. Z.27) as follows
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.K R

ug- K2 K(1.2. Z8)
tR

and the failure criterion can be restated as follows: failure will occur in the

direction of the axis 1 in Figure 1.10 when the right hand side of equation

(1.2. 28) becomes equal to the product fbg, where the latter is the failure

condition obtained froi the uniaxial data. When the right hand side of

equation (1. 2. 28) is less than the product fbg, then there will be no failure.

Since it is necessary to investigate failure conditions along all directions in

the material it is necessary to apply the above analysis to all possible

')rientations of the coordinate systeyn shown in Figure 1. 10. When along

one direction the failure criterion will be satisfied then the failure of the

whole material will be said to have occurred.

It is interesting at this point to note that in the limit of long time

response, equation (1. 2. 28) provides a failure criterion for multiaxial

situations under elow rates of testing. Therefore, it would be possible to

check the geometric effects in the present theory by comparing the present

criterion with experimental data from slow, rubbery, rates of test. Such a

check could perhaps reveal any possible improvements in the form of the

geometric corrections represented by equation (1. 2. Z5).

The final verification of the present failure theory can only be

obtained by experiments. To explore the ramifications propczed herein,

an extensive testing program has been initiated at GALCIT to conduct

failure tests on uniaxial, biaxial and triaxial specimens subjected to

variable strain rates and temperatures. It is hoped that these tests will

provide data which can be used to check critically the present theory for

the three particular situations mentioned. These tests and the results will

be discussed in subsequent sections of this report.
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Z. 0 VISCOELASTIC ANALYSIS OF THE

POKER- CHIP TRIAXIAL STRESS ...........

Z. I INTRODUCTION

As indicated in the previous section of this report, "poker-chip"

triaxial tests are being conducted in order to obtain failure data under multi-

axial stress conditions. The first set of these tests has now been completed

and the results will be discussed later in this report. The tests have been

carried oat under various strain rates and temperatures in order to

evaluate the viscoelastic effects on multiaxial fracture and provide data to

compare with the failure theory which was developed in the previous section.

In order to intepret this data it is necessary that the stresses and strains

may be known under any conditions of strain rate and temperature. This in

turn necessitates that a viscoelastic stress analysis of the "poker-chip"

specimen be carried out. In the present section we shall describe such

analysis.

In Section 3. 0 of the previous Interim Report the elastic analysis

of the "poker-chip" specimen was developed and presented. We shall use

this analysis in the present section as a basis to develop the viscoelastic

stress situation. Alfrey(2.2) was the first to propose an analogy between

certain elastic and linear viscoelastic problems. The analogy depends on the

fact that governing equations in a viscoelastic medium can be transformed by

application of Laplace Transforms. The resulting equation and the corres-

ponding boundary conditions have the same form as an associated elastic

problem. The elastic constants in this associated elastic problem become

the transformed viscoelastic material properties. This approach was

subsequently extended by Tsien(2. 3) and Lee(2.4) and described for
analyis b Wilams 2 . 5)engineering analysis by Wil.iams This method will be used re to

obtain the viscoelastic solution for the stress and strains in the "poker-chip"

subject to time dependent strain.

2.2 VISCOELASTIC ANALYSIS

In Section 3. 2. 2 of reference 2. 1 the elastic stresses are given for

the "poker-chip" specimen, these expressions were obtained from the

elastic solutions of that section

*Superscripts refer to references at the end of the section.
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Also a~ccording to this solution the radial and the axial displacements are

-35-



u -(I-z 2 ) g (r) (2. 2. 5)

w CZ (2. 2.6)

where

g(r) A I, (rVM (2. 2.7)

and

3 lVC

a (2.2.8)

where

M 3 (I-2V')
(1-1/) (2.2.9)

The cylindrical coordinates to which this solution is referred are illustrated

in Figure 2. 1. The above equations (2. 2. 1) to (2. 2. 9) are sufficient to

describe the elastic stress and the strain state at any point in the specimen.

Using the Alfrey analogy the solution for the associated elastic

problem corresponding to the viscoelastic situation can immediately be

obtained in tne transformed plane. As indicated in reference 2. 5 this is done

by simply replacing the stress and the displacements by their Laplace

transforms and replacing the three physical constants E, K, and I/ by their

counterparts. The strain input E (t) to the specimen is replaced by the trans-

form of the time dependent input E (p), where p is the Laplace transform

variable. If the inverse transform can be carried out of the resulting equations,

the viscoelastic solution of the "poker-chip" snecimen will be complete.

However, only a brief examinatiGn of the functions involved in these expressions

will show that their complex nature precludes the possibility of a practical

exact inverse. Therefore, the use of approximate methods becomes necessary.
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Two such approximate methods have been developed by Schapery(2" 6)

one is referred to as the direct method and the other as the collocation

nmethod. In the direct method, which is valid for quantities varying slowly

with respect to time on the logarithmic scale, the Laplace transform

variable is replaced by the factor 0. 5/t where t is the time, to obtain the

approximate solution. In the collocation approach the physical unknown

quantities are assumed in Dirichlet series form, for example

t
n

1S =S 0+ S S e (2. 2.10)
1=1

The quantities T. are assumed to cover the time range of the expected1

response of the solution and the coefficients Si are evaluated by minimizing

the square of the error in the transformed plane.

We shall consider both of these approximations for the final solution

of the viscoelastic "poker-clip" problem. However, before such a solution

is carried out to completion it is necessary that the viscoelastic material

properties be known. At the present time the Solithane 113 material, which

is being used for the poker-chip tests, has not been completely charazterized

for the viscoelastic properties. And, therefore, the analysis of the present

section cannot be completed at this time and this vill be done as the

characterization data becomes available. The characterization tests are now

being conducted in conjunction with the failure tests mentioned previously

and this experimental program will be discussed in the latter section of

this report.
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Fig. 2. 1. Triaxial "Poker-Chip" Test and the Coordinate
System Used in the Stress Analysis.
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3.0 POLYMER MATERIAL MANUFACTURING FACILITY

3. 1 INTRODUCTION

After cons.dering its various advantages, Solithane 113 polyurethane

polyme.-ic material was chosen for the experimental portion of this investi-

gation. Apart from the viscoelastic mechani,' properties Solithane 113

possesses well pronounced birefringent propt °.esandis avery clear material.

The latter two properties make this material very suitable for photovisco-

elastic studies. Another factor which entered into the choice of this material

was the fact that it was already being rnade by the Jet Propulsion Laboratories

of the California Institute of Technology and these facilities were made

available for use in the early stages of this project. After - certain amount

of experimental data %ais obtained and disseminated it became obvious tl'.at

the mechanical properties of the material possessed a sizable variation

from one sample to another. At that stage it became obvious that the reason

for this could lay in the manufacturing process because the manner in which

this material was made did not provide sufficiently close control of conditions

at all stages of the process. It was therefore decided, to build a casting

facility at GALCIT which would overcome these difficulties. The facility

uses a completely different process which is designed so that maximum control

can be achieved at all stages of the manufacturing cycle.

In the area of mechanical testing of polymeric materials there has

existed fox a long time a need for standardized materials. If such a material

or materials could be developed and accepted, the various research organiza-

tions could work with the same material and accumulate characterization

da' t on cooperative basis. Such a program would forseeably lead to well

characterized materials which would be most suitable for further basic

material research and analytical studies. The manu.ac~uring process for any

such star.dzrd material will have to be well established ao that various

organizations can reproduce exactly the same material. Some researchers

interested in this standard materials program have expressed the opinion that

the Solithane 113 could perhaps be suitable for this purpose. It is appropriate

therefore, that the present manufacturing process, developee..nd perfectect

at GALCIT, could be considered for use by other organizations. Therefore

the manufacturing facility and process will now be described in detail.
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The Solithane I1 3 manufacturing facility is shown in the photographs

of Figures 3. 1 to 3. 6. The facility is physically divided into two parts, the

preheating and mixing machine, and the mold and curing oven. The overall

view of the pre-heating and the mixing machine is sh.";n in Figure 3. 1.

The two components which go into the making of the Solithan, 113 are

preheated in specially constructed two gallon tanks which can be partially

seen in Figure 3. 2. These tanks were made from standard spray-paint

containers which have been modified for the purpose. The tank which holds

the prepolymer and the tank for the catalyst are identical in construction.

The following description applies to both. The tank is filled and emptied

th-ough a long copper tube shown on the schematic diagram, Figure 3. 7;

this tube reaches nearly to the bottom of tht tank. Another tube, used for

evacuating or pressurizing the tank, enters The tank also through the top and

ends near the top. The contents of the tank are agitated by a mechanical

stirrer which is also shown in Figure 3. 7. This stirrer is driven by a

pulley and belt arrangement which can be seen in Figure 3. 4. Except for

the main seal between the tank and its top, which is of rubber, all the other

seals and bushings are of teflon. The shaft of the stirrer is sealed with a

teflon O-ring. The temperature of the tank contents is measured with a

copper constantan thermocouple which is inside a brass tube which in turn

projects down from the top of the tank. The output of the thermocouple is

read on a Leeds and Northrup potentiometer. The valve system for each

tank is shown schematically in Figure 3. 7. Thc function of each valve

will be described later.
The two tanks iiust dpar-'i•€h •t ifina-4, a bi"ggeer tank which can be seen

in Figure 3. 2. During the operation, water is circulated in this tank in

order to preheat the contents of the two smaller tanks. The water is agitated

mechanically by the stirrer which can be seen in Figure 3. 2. This tank

possesses a double wall with insulation in between. With this arrangement

the temperature of the total system can be kept constant for long times.

The temperature of the water in this tank is read with a thermocouple and a

mercury thermometer. The top of the tank is cove-red with an aluminum,•

cover, seen in Figure 3. 4. This cover supports the pulley and belt system

for the three stirrers Td tthe valve assembly for the two individual internal

tanlks. The power for the stirring is provi.'_ed by a variable s.eed motor
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which can be seen in Figure 3. 3. On the top of the assembly and to the

right of the water tank there are additional valves necessary for the vacu'im

system. The vacuum pump is situated below the water tank. The valves for

the vacuum and the nitrogen systerm are brass and for the portions of the

system through which the polymer components flow, the valves are brass

with teflon seals. It was found that these valves g,,--- the best service.

Attached to the front of the top of the water tank is a switching terminal

which permits rapid reading of the different thermocouples in the system.

To the right of the water tank a vertical rack supports two measuring

burets, one for each of the two components of the polymer, and a mixing

flask in which the components are mixed. This arrangement can be seen in

the photograph of Figure 3. 5. The burete for the prepolymer and the catalyst

are identical in construction and therefore only one description is necessary.

One buret assembly and the mixing flask are shown schematically in Figure 3. 8.

The measuring of the components is made of volume by filling each buret

completely to overflow. The burets are immersed in a water jacket (see

Figure 3. 8) through which the water is circulated from the main preheating

tank. Therefore since the temperature is constant the volume measurement

is equivalent to a weight measurement. As a component, prepolymer or

catalyst, enter the measuring assembly it first enters into a small ante-

chamber which is also inside the water jacket and into which the top of the

buret protrudes. From this antechamber the component enters 'he buret and

after the buret is filled the overflow remains in the compartment and can be

removed through an overflow tube. A vacuum line enters the antechamber and

it is used for evacuating the buret. A small flask is placed in this vacuum

line in order to prevent the liquid components from being drawn into the

vacuum pump. The burets can also be pressurized with nitrogen and this is

done by the same tube through which the polymer component enters. The

water enters the jacket through the bottom and leaves through a tube at the

top. This tube is concentric with the copper line through which the burets

are filled. This arrangement prevents cooling of the cumponents as they

travel from the tanks to the burets.

The components are emptied from the burets into the mixing flask,

see Figure 3.8. The flask is sitting in a beaker of boiling water which is

heated by an electric element. The polymer components are mixed in this

flask by a mechanical stirrer whose shaft en'.ers at Lhe top of the flask and is
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driven by a mrnall electrlc mnotor. The flask can be evacuated or pressurized

with nitrogen atmosphere by opening appropriate valve Another tube enters

the top of the flask and ends at the bottom, this tube i .ed for emptying the

mixture from the flask into the curing mold.

The resulting molten polymer mixture is cast and cured in an

aluminum mold located in an oven. The mold and the oven can be seen in the

photograph of Figure 3. 6. The mold is suspended from the oven door for

easy handling. The mold is circular and it splits into two halves to reveal the

molding compartment. The molding compartment is approximately 14 inches

in diameter and one-tenth inch thick. The internal surfaces of the molding

compartment are polished to mirror finish. The material is aluminum 6061.

Du.ring the casting the two halves of the mold are bolted together and the

polyrer mixture enters at the top through a copper tube. After curing, the

two halves are separated and the solid polymer removed. Recently another

mold similar in construction has been completed which enables casting of

thicker polymer specimens approximately six inches square alid one-half inch

thick. The curing oven is electric and has automatic preselected temperature

controls which can be seen on the right of Figure 3. 6. The fumes which are

produced during curing are removed by a hood which fits over the oven. As a

double check on the curing temperature a copper constantan thermocouple is

attached directly to the mold; it is read with the potentiometer.

3.3 MANUFACTURING PROCESS

Before the mixing and the casting of the Solithane 113 can begin, it

is necessary to fill the two preheating tanks, Figure 3. 2, with the prepolymer

and the catalyst. These two components are received in the laboratory in

sealed one gallon cans whicn have to be emptied into the respective tanks

A method for doing this has been worked out which permits the transfer of

the two liquid components so that they do not come .nto contact with air.

First the two preheating tanks are evacuated by opening valve 1, shown in

Figure 3. 7, and leaving the remaining valves closed. A flexible tube is now

connected to the right of valve 5, this tube in turn is connected to a sharp

brass tube. Another tube, also ending in a sharp point,is connected to a

nitrogen source and it is driven into the top of the supply can. About one-

quarter psi of nitrogen pressure is introdaced into the cans. Now the first
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ubuc, which in connected to valve 5, is driven through the top of the can

and the valve 5 is opened. The vacuum in the tank and the slight nitrogen

pressure in the can forces the liquid into the tank.

After the transfer is complete, valve 5 is closed and after an

additional one minute valve 1 is also closed. This procedure insures that

if any air had leaked into the system during the transfer it will be removed.

Now valve 2 is opened and the nitrogen atmosphere is introduced into the

tanks. The loading of the tanks is now complete and the mixing and casting

operation can begin. At the first step of this operation the hot water supply

is turned on and the water tank is filled. At the same time the mechanical

stirrers both in-the water tank and in the two internal tanks are started.

After five minutes the water pump is turned on and this circulates the water

in the jackets around the burets. The vacuum pump is now started and with

all the valves closed, except valves 6 and 11 in Figure 3.8, the burets and

mixing flask are evacuated. The nitrogen pressure is regulated to 12 psi and

valve 2 is left open. During the time that the components are approaching a

thermal equilibrium the mold is bolted together and the oven door closed.

The oven is switched on and set to 200 0 C. The temperature in the oven is

checked continuously and when it passes 146 0 C the oven is set at that tempera-

ture and. allowed to reach equilibrium. The equilibrium is determined when
0+ 0

the temperature reaches 146 C - 1 In the meantime temperature readings

are frequently made for the two internal tanks as well as for the. water tank.

The temperature of the water is adjusted until the equilibrium of the whole
0+ 0

sy3tem is achieved at 62 C - 0. 1

The beaker around the flask is fi]led with water and the hot plate

underneath is tt 'ned on. This procedure will bring the wate.r to boil before

the liquid polymer is introduced. The measuring of the two components is

now begun. Valve 4 Figure 3. 7, is opened and the liquid flows into the

antechamber, when the latter is 3/4 full, valve 4 is closed and valve 3 is

opened. This introduces nitrogen pressure above the liquid in the antechamber

and drives the liquid into the buret. Valve 3 is closed and valve 6, Figure 3. 8,

is opened which removes the nitrogen through the vacuum system. The

burets are only partially filled and therefore this process is repeated until

they are completely full. When the burets overflow the vacuum is left on.

by leaving valve 6 open, until all the bubbles in the buret are drawn off. Now

valve 6 is closed and valve 3 opened again introducing nitrogen pressure over
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the liquid in the burets. Valve 8 is opened and the excess liquid is removed

from the antechamber. Now valve 7 is opened and the liquid from the burets

flows into the mixing flask. As soon as the mixing is begun a timing clock is

started; also the mechanical stirrer is switched on. When the burets have

emptied, valve 11 is opened and the flask is evacuated. After three minutes

of mixing the stirrer is switched off and the valve 1 1 is left open for an

additional one minute to remove all the bubbles from the mixture. Also at

the same time valve 9 is opened and this evacuates the mold. Valve 11 is

now closed and 12 is opened. This introduces nitrogen pressure over the

mixture and it is driven into the preheated mold.

The liquid polymer is cured in the mold for one hour at 146 0 C. After

this time the oven is Fwitched off and the door opened. The mold is now

unbolted into its two halves and the sheet of the solid polymer removed. The

material is now labled and placed in a dry box for storage. The material is

left to age for at least five days before being used for experimental specimens.

Each casting uses only a very small portion of the components in the

preheating tanks and therefore these tanks are used for storing this material

between castings. During such time a slight nitrogen pressure its maintained

over the components to prevent any leakage of air from outside.

As mentioned previously there are two sizes of the Solithane 113 material

which are presently being case; one is circular 14 inches in diam-neter and

one-tenth of an inch thick, the other is six inches by six inches square and

one-half inch thick. However, there is very little limitation on a possibility

of casting other shapes and sizes if they are desired. Only an approoriate

mold has to be constructed and the sizes of the measuring burets changed.
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Fig. 3. 1. The Overall View of the Solithane 113 Manufact,,ring Facility.
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Fig. 3. 2. The Preheating and Storing Tanks for the Prepolymer
and the Catalyst.
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Fig. 3. 3. Top View of the Casting Facility Showing the Control Valves

and the General Arrangement.
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Fig. 3. 4. Top View of the Water Tank Showing the Control Valves

and the Belt and Pulley Arrangement for the Stirring
Mechanism.
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Fig. 3. 5. M~easuring Burets and the Mixing Flask.
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Fig. 3. 6. Curing Oven and the Circular Mold.
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4.0 EXPERIMENTAL PROGRAM

4. 1 INTRODUCTION

The purpose of the experimental program, which is at present in

progress, is two fold. First, it is required to obtain viscoelastic character-

ization of the mechanical properties of the Solithane 113 material. Such a

characterization is necessary so that viscoelastic stress analyses can be

carried out for this material. The necessity of such a stress analysis was

illustrated in the previous section in the case of the "poker-chip" specimen.

The second purpose of this experimental program is to obtain failure data

for the Solithane 113 material under varioas stress conditions. It is hoped

to use the results of these tests to check out the failure theory developed

and described eazrlier in this report. We shall now describe these two phases

of the experimental program.

4. 2 MATERIAL CHARACTERIZATION

4. 2. 1 Description of Solithane 113 Material

Solithane 113 is a urethane type polymer for which the components are

produced and sold by the Thiokol Chemical Corporation. Chemically the

urethane polymers are the product of a reaction betweea an isocyanate and

a hydroxyl:

-N- C= 0 + H- -- ---- N- C- 01 1
H 0

isocyanate + hydroxyl so ure'.hane

Because the isocyanates are basically toxic and react easily with hydroxyl

groups the base for the Solithane 113 is made and sold in ? form of a prepolymer.

These prepolymers are stable at room temperature and therefore nontoxic.

They are prepared by combining the isocyanates with certain groups so that

the product is still reactive at elevated temperatures. Solithane 113 is made

from this prepolymer by addition of a catalyst and curing at elevated tempera-

tures. In our program the Thiokol catalyst C 113-300 is used for this purpose.
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The Solithane 113 can be nrade with. wiAe y different mechaniCA
properties by varying the relative arntounts of the prepolymer and, the

catalyst. The ratio which is used in the present program is one to one

by volume. Before a decision was made to use this mixture various other

ratios were tried. A larger proportion of the prepolymer to catalyst,

10 to 7, produced a rather hard material which was rot very suitable for

investigation of the viscoelastic effort. Going to the other extreme a ratio

of prepolymer to catalyst of 7 to 10 was tried. This produced a rather soft

material with a very low tear resistance. 0arelininary failure studies in

uniaxial tension were conducted with this material and it was found that

the results were very sensitive to surface imperfections. Therefore, this

material was not considered to be suitable for the failure investigations.

4. 2. 2 Quality Control Tests

In the last section the Sdlithane 113 manufacturing facility was

described and it was emphasized that this facility was designed and built

to provide a high degree of process control. Therefore, the first tests

that were conducted on the new material were aimed at establishing whether

indeed the control on the manufacturing process was sufficiently close as

to produce uniform mechanical properties from batch to batch. For this

purpose a uniaxial test was chosen. From each of se-en different batches

of the material a uniaxial specimen was milled. The dimensions of this

specimen are shown in Figure 4. 1. The uniaxial load to the specimen was

applied at each end through two thin strips of aluminum which were bonded

on both sides of the specimen over one-half inch of its length. The bond

was made with Eastman 910 Adhesive. The aluminum strips overlapped the

specimen and a metal spacer was placed between them. The specimen was

then placed in an Instron testing machine by being gripped on the aluminum

strips. This arrangement is shown in Figure 4. 1. The test consisted of

subjecting each specimen to a constant strain rate oy applying a cross-head

extension rate of 0. 2 inches per minute. The load c. the specimen was

recorded as a function of time and since the rate was constant, also as a

function of the extension. Each specimen was loaded to fracture. It was

desired to compare the variations of the load wifh tim( for each specimen.
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The load-time curves for each of the seven specimens were found to 'Ly

within the two curves shown in Figure 4. 2. The rr..ximuin variation is

approximately five percent from the mean. This order of rragnitude agree-

ment was considered to be an indication of sufficient reliability and control

in the manufacturing process of the material.

Although the specimens were loaded to fracture it was not intended

to obtain failure data from these tests. The breaking point occurred ir the

vicinity of the bonded ends of the specimen where the stress field was not

uniform and the fracture was obviously affected by the discontini.ous

conditions caused by the bonded aluminum strips.

4. 2. 3 Relaxation Modulus Characterization

As indicated in Section 2 the knowledge of the relaxation modulus for

a material is necessary in order that a viscoelastic stress analysis may be

carried out. Therefore, e set of uniaxial tests have been designed and are

presently being conducted in .,, der to obtain this information for the

Solithane 113 material. The overall dimensions of the specimen used in

these tests are shown in Figure 4. 3. The specimens are milled from the

one-tenth of an inch thick sheet stock. The shape of the specimen was chosen

after a preliminary investigation of a number of alternate coafigurations. The

choice was made on the basis of preliminary tests to failure. It is intended

to use the same specimen for the uniaxial failare data as well as for obtaining

the viscoelastic characterization. it is therefore, important that the specimen

configuration chosen for this study be such that the failure occur in the

region of uniform, uniaxial stress field. In the particular configuration shown

in Figure 4. 3 this does indeed happen, it is found that the failure occurs in

the two inch center portion of the specimen. The stress field in this region

has been observed f be quite uniforr

The tests are conducted in an Instron testing machine. The specimens

are gripped at each end thruugh bonded aluminum strips, this arrangement

is very similar to that used on the quality control tests described in the

previous section. The dimensions and the arrangement of the gripping strips

are shown in Figure 4. 3. In the tests the specimens are subject to constant

strain con"itions. These conditions are obtained by applying a constant rate

of movement to the bottom crosshead. Such a constant movement applies a

nearly constant extension rate acrose the two inch center portion of the
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specimen. The relacic-, between the movement of the crosshead and the

strain in the specimen J ; shown in Figure 4. 4. This relation was obtained

by a preliminary test whcre the strain on the one and one-half inch center

portion of the specimen was measured directly using a traveling microscope

and was compared to the machine extension. Also in this test the strain

was measured directly over one-half inch center por-ion of the specimen.

The strains obtained by using the 1-1/2 inch and the 1/2 inch gage lengths are

compared in Figure 4. 5. The results of this comparison show that the

strain over the two inch center section is quite uniform.

The tests are being conducted at different -onstant strain rates

and at different temperatures. The temperature environmental conditions

are supplied by a Missimers temperature box which is specially constructed

for use with the Instron tester. This facility provides cold as well as hot

conditi..ns relative to room temperature. As mentioned before, each test

is conducted to failure. The data is recorded on the Instron strip chart in

the form of load versus time and, since the strain rate in each test is

constant, this also gives the strain information.

The data obtained from these tests will be used to generate the

relaxation modulus for the Solithane 113 material. rhe relationship between

the constant strain rate response and the relaxation modulus is quite simple

and can be derived as follows. For a linear viscoelastic material the stress-

strain law can be written in an integral form

t
(jt) = B (t-¶)s'd dT (4. 2.1)

where a is the stress, Ek't} is the relaxation modulus, 6 the strain and,

t the time. For constant strain rate conditions

6 = Pt (4.2.2)

where R is the strain rate. hstituting from equation (4. 2. 2) to (4. 2. 1) we

ha.

t

((t) E(t-T) RdT (4. 2. 3)

0
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Making an independent variable substitution under the integra! sign

of equation (4. 2. 3)

x ='t - T (4.2.4)

we have

t

a-(t) = R E(x) dx (4.2. 5)

0

From equation (4. 2. 5) it follows that

I do(t) _ E(t) (4. z. 6)

R

Equation (4. 2. 6) shows that the relaxation modulus for a linear viscoelastic

material is equal to the time rate of change of stress divided by the strain

-ate in a constant strain rate test. This relationship will be used to evaluate

the relaxation modulus from the data of the constant strain rate tests.

In order to fully characterize the relaxation modulus it is necessary

to carry cut the constant strain rate test over a wide range of temperatures

and strain rates. At present these' tests are being conducted and so far

data has been obtained at two temperatures; at 27 0 C and 35 0 C. At each of

these temperatures tests have been carried out at four different strain rates

coýrresponding to the Instron crosshead rate motion of . 02, . 2, 2. 0 and, 20

inches per minute. In order to insure the repeatability of results three tests

have been conducted at each temperature and strain rate. The data obtained

in these tests can only define a small portion of the relaxation modulus.

Consequently the tests are being continued and extended to other temperatures.

The data obtained 6o far will not be discussed at this time and the complete

set of data will be presented at a later date at which time the relaxation

modulus will be evaluated.
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FAILURE

' 2 T- A F TyI~~.- fw.nr.. - TESTS

As mentioned before, it is intended to perform three different

failure tests on the Solithane 113 material. In these tests the material

will be subjected to failure under uniaxial, biaxial and the triaxial stress

conditions. These tests are to be conducted over a wi,'. range of strain

rates and temperatures. The purpose of these tests is to accumulate basic

strength data on the material and to use this data to check out the multi-

axial failure theory which was developed and presented in Sectio.n 1. 0 of

this report.

The uniaxial failure data is being obtaim-d from constant strain

rate tests simultaneously with the data for the relaxation modulus character-

ization. These tests have been described in Section 4. 2. 3. This group of

tests is now in progress and the failure data which has already been obtained

will be presented. The biaxial tests, which have not as yet been started,

will be of a strip-type. This test has been explained in detail in Section

1.5.2 of the previous Interim Report4 )* In the strip biaxial test the

material is subjected to an unequal biaxial stress and plane strain condition.

Certain preliminary configurations of this test have already been investigated

for the new Solithane 113 material. The specimens have been milled from

the cast one-tenth inch thick sheets of the material. The tests on this configura-

tion will begin after the completion of the present uniaxial testing program.

The results will be presented in the subsequent reports.

In this program the failure under the triaxial tension field is being

obtained by the use of the poker-chip specimen. This type of a test has

been explained in detail in Section 2. 0 of the previous Interim Report( 4 "1)

A set of triaxial experiments has been completed using the new Solithane 113

material. These have been conducted at various strain rates and temperatures.

The results of these tests will be presented and discussed.

4. 3. 1 Uniaxial Failure Data

Since the uniaxial failure tests are being conducted simultaneously

with the characterization tests therefore, the failure data has now been

obtained for the two temperatures, 270C and 35 C, and the four strain rates

Superscript refers to references at the end of the section.
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described in Section 4. 2. 3. Just as in the case of the relaxation modulus

characterization, these tests are not sufficient to completely define the

uniaxial failure. The full set of data will be available when the uniaxial

tests have been completed and the detailed discussion and analysis of this

data will be presented at the later date. However, in order to illustrate

the repeatability of the present tests the data obtained so far is presented

in Figures 4. 6 and 4. 7. Figure 4. 6 shows the ultimate load as a function

of the strain rate in the center portion of the specimen. The corresponding

ultimate extension ratio is shown in Figure 4. 7. The results indicate a

definite effect of temperature and strain rate. The scatter in the data

obtained from the different tests under same temrerature and strain rate

is considered to be sma.11. it was observed during the tests that the failure

in all cases has occurred -,vthin the one and one-half inch center portion of

the spccimen.

4. 3. 2 Triaxial Poker-Chip Tests

The coafiguration of the poker-chip test was described in detail in

Section 2 of the previous Interim Report(4 " ). Since that time this test

has been modified and consider•.A, ly improved. The complete poker-chip

assembly, which is presently being used, is shown in the photograph of

Figure 4. 8. By comparing this set-up to the previous one, which is shown

in Figure 2. 1 of reference 4. 1, two main differences are immediately

apparent. First, the steel holders into which the Lucite extensions screw

in have been changed. The new holders had to be built in order to reduce

bending in the poker-chip specimen. Because of its flat geometry the

specimen was found to be extremely sensitive to any misalignment in the

holders and the Lucite extension rods. The previous components were made

with standard machine shop tolerances and this was found to be not accurate

e2±iough with the result t"hat appreciable bending was present in the specimen

during the tests. Therefore, present holders, seen in Figure 4. 8, were

designed and built. Special machining procedures were used in obtaining

close tolerances. Since the alignment of the threads on the Lucite extensions

is equally important, new extensions were machined with the same tolerances

as used in the holders. As a result of these new and more accurate components
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the bending in the specimen was reduced appreciably. For example, the

average maximr:m bending strain, calculated from over fifty different tests,

is now only 11 percent of the average strain. This is a substantial improve-

ment.

The second obvious change which can be seen in Figure 4. 8 is in

the displacement transducers which measure the extension of the specimen.

The transducers used in the previous set-up can be seen in Figure 2. 1 of

reference 4. 1. The new transducers are linear-variable-transformer coils

made and sold by Shaevitz Engineering. Their sensitivity is at least an

order of magnitude greater than that of the previous transducers. Consequently

the extension readings for the specimen are now much more accurate. There

are two of these transducers and they are mounted diametrically opposite

each other across the poker-chip specimen as can be seen in Figure 4. 8.

Each transducer sits inside a specially constructed holder, which allows for

very accurate axial movement of the transducer core. Such an arrangement
.s necessary t3 insure accurate readings. The transducers can be operated

at low as well as high temperatures.

The readings of the two transducers are recorded simultaneously on

a Mosley dual-pen X-Y recorder. The recorder can be seen in the photo-

graph of Figure 4. 9. The two extensions readings are plotted against time.

The load on the specimen is recorded on the Instron strip recorder also as

a function of time. The electrical input into the transducers is produced by

the two small boxes which can be seen sitting on the top of the Mosley recorder

in Figure 4. 9. These boxes also demodulate the output *of the transducers to

a direct current signal,

The bonding procedure for attaching the poker-chip specimen to the

Lucite extension rods has also been improved. The procedure now is as

follows: the ends of the Lucite rods to which the specimen is to be attached

are sanded down with aluminum oxide paper and then they are cleaned with

methyl alcoiol. A two inch square piece of Solithane is cut from the sheet

stock and teaned with methyl alcohol. The Solithane is placed on a flat metal

surface and Eastman 910 Adhesive accelerator is applied to the top side and is

allowed to dry. The 910 Adhesive is now applied to one of the Lucite rods and

the rod is now placed in contact with the Solithane. In order to exclude any

air bubbles between the Solithane and the Lucite rod the rod is first held at

some small angle to the specimen and the initial contact is made at one point
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only. Then the rod is gradually rotated until full contact is made. This

motion spreads the adhesive uniformly across the interface. The bond is

allowed to dry f:r five minutes. The accelerator is now applied to the

other side of the specimen and allowed to dry, The Lucite ex -)nsion rod to

which the Solithane has already been bonded is now placed in a bottom

portion of a V-shape jig with the unbonded face of the specimen facing up.

The 910 Adhesive is now applied on the second rod and it is allowed to flow

to one edge of the bonding surface. Therefore, the adhesive is thicker at

this point than at any other. This Lucite rod is now placed in the top

portion of the jig and it is brought down slowly on top of the specimen.

Because of the uneven distribution of the adhesive the first contact is made

at only one point and as the extension is brought down further the adhesive

is spread evenly over the interface without formation of any air bubbles.

The Solithane material is now trimmed to a circular, two inch diameter

specimen.

The V-shape jig is used in order that the two Lucite extension rods

may be accurately aligned with each other. Any misalignment would cause

bending. The new procedure of bonding which has just been described, is

much faster and produces more consistent bonding strength than the approach

used previously.

4. 3. 3 Triaxial Failure Data

A set of the poker-chip triaxial failure tests has now been completed

* and the results will be presented in this section. The tests have been run
0 0at six different temperatures varying from -10 C to 45 C. The tests were

conducted at each temperature at two different strain rates, these correspond

to the . 02 and the 0. 2 inches per minute extension rates of the Instron testing

machine, At each temperature and the crosshead extexnsion rate, at least

three different specimens were tested. Some data was eventually rejected

because of obvious bond failure. It was not possible to test at higher rates

of extension above 0. 2 inches per minute since this produced a very high

strain rate in the specimen and the time to fracture at these higher rates

was found to be extremely short. Consequently it was not possible to record

this data on the present recording equipment.
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The failure data obtained i•n the st~a s pre.Cn.- •d i

Figures 4. 10 and 4. 11. Figure 4. 10 shows average. hreaking a t ress,

calculated by dividing the total axial load by the specimen cross-sectional

area, as a function of the average axial strain rate. The average strain

rate was calculated from the two displacement measurements across the

specimen. As mentioned previously, these displacements have been

recorded as a function of time on the Mosley plotter. The corresponding

average ultimate extension of the specimen is shown, as a function of the

average strain rate: in Figure 4. 11.

It can be seen from Figures 4. 10 and -'. 11 that there exists an

appreciable scatter in experimental results. However, the results

definitely indicate the affect of the strain rate and temperature. In order

to illustrate more clearly these effects a straight curve was drawn through

the data for each temperature. These curves suggest that a WLF shift

function could possibly be applicable to both the average ultimate stress

and the average ultimate strain data. However, since the curves are to

some degree arbitrary, because of the scatter in the data, there will be no

attempt to shift them at this time. A possible shift function of the Solithane

113 material -ill first be investigated in the case of the uniaxial data which

is presently being obtained. As mentioned before, the uniaxial data which

has been obtained so far does seem to be much more reproducible and

therefore it is expected that a shift function investigation on this data wrill be

much more conclusive. If an existence of a shift function is established

in this way the triaxial failure data in Figure 4. 10 and 4. 11 will then be

shifted.

The reason for the large scatter in the failure data in these tests

has not yet been determined. The scatter is definitely not produced by

faulty bonding since after each test the fracture has been examined closely

to determine whether it reached the Lucite-Solithane interface. If this

happened the test data was disregarded and not included in Figures 4. 10 and

4. 11. Eventually it is intended to conduct more poker-chip tests in which

it is hoped that some of th, reasons for the scatter may be determined.

Before the present data can be compared with the failure theory

developed in Section 1.0 it is necessary that a viscoelastic analysis of the

poker-chip specimen, described in Section 2. 0, be completed. For the
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lack of the viscoelastic characterization of the Solithane 113 this analysis

can not be completed at this time. Therefore, the comparison of the failure

theory and the experimental data will be carried out at a later date.
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Fig. 4. 1 Dimensions and the Attachment of a Uniaxial Specimen Used

for the Mechanical Properties Reproducibility Tests.
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1.*

Strain Measured Over 1 Inch Gage Length

Fig. 4. 5 Comparison of Strains Measured Optically Over Two
Different Gage Lengths in the Center Portion of the
Uniaxial Specimen.
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Fig. 4. 8. Arrangement of the Triaxial Test.
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Fig. 4. 9. General View of the Triaxial Test Showing the Specimens in

the Instron Testing Machine and the Recording Equipment.
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